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Abstract 
 
The main aim of this thesis is to perform a feasibility study of hydrogen production from 
hydrogen sulfide in Black Sea. The whole procedure consists of five major steps: 
• Pumping sea water from Black Sea 
• Extraction of hydrogen sulfide from sea water 
• Production of hydrogen and sulfur from H2O/H2S concentrations. 
• Utilization of H2 towards power production in fuel cell system. 
• Utilization of side products such as H2SO4 in an integrated and economic manner 
The application of this process would have a positive impact on both environmental and 
economic development of the Black Sea countries. The utilization of a rather toxic pollutant 
like H2S in order to produce hydrogen would diversify the power production sources and 
create eventually new job vacancies. The possible implementation of the proposed method 
would be really beneficial for vulnerable areas such as rural areas and isolated villages by 
providing electricity.    
From each step, several alternative approaches have been examined, and the optimum choice 
has been selected for further investigation. ASPEN plus software has been employed to 
elaborate all mass and energy balances. A sensitivity analysis of the critical parameters, such 
as fuel cell’s capacity that mostly affected the whole process by employing MATLAB 
software has been developed. 
For the base case, a techno economic analysis carried out including the description of all the 
necessary process equipment as well as the calculation of various economic criteria and 
indicators (NPV, IRR, and payback period). The assessment of the project leads to the 
conclusion that it is sustainable and rather profitable with: 
 NPV = 2,512,981 € 
 IRR = 23% 
 Payback period = 5.5 years 
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1. Introduction 
 
1.1 Current status: Conventional fuel/energy production processes 
Lately, energy has become one of the issues that arouses the most interest of our human 
society. We use energy in order to provide heat and lighting to our houses, power our 
mechanical equipment, fuel our vehicles, and provide the comforts and conveniences to 
which we've grown accustomed in the industrial age. Energy derives from many different 
forms, but the most utilized, until now, are fossil fuels because of their high efficiency. The 
fossil fuels we combust today in our vehicles, homes, industries, and power generation plants 
were formed from the tissues of organisms that existed 100-500 million years ago. The 
energy these fuels contain came originally from the sun and was converted to chemical-bond 
energy as a result of photosynthesis. The chemical energy in their organisms' tissues then 
became concentrated as these tissues decomposed and their hydrocarbon compounds were 
altered and compressed. Fossil fuels are produced only when organic material is broken down 
in anaerobic environments (such as the bottoms of lakes, swamps and shallow seas) those 
with little or no oxygen. It took nature millions of years to generate these resources; however, 
within just decades, fossil fuels will be depleted by our neglectfully use [1]. 
The electricity requirements of the world are increasing at alarming rate, and the power 
demand has been running ahead of supply. It is also now widely recognized that the fossil 
fuels (i.e., coal, petroleum and natural gas) and other conventional resources, presently being 
used for generation of electrical energy, may not be either sufficient or suitable to keep pace 
with ever increasing demand of the electrical energy of the world. Also generation of 
electrical power by cold based steam power plant or nuclear power plants causes pollution, 
which is likely to be more acute in future due to large generating capacity on one side and 
greater awareness of the people in this respect.                                       
The recent severe energy crisis has forced the world to develop new and alternative methods 
of power generation, which could not be adopted so far due to various reasons. The other 
non-conventional methods of power generation may be such as solar cells, fuel cells, thermo-
electric generator, thermionic converter, solar power generation, wind power generation, geo-
thermal energy generation, tidal power generation, etc. [2]. 
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In order to partially decline or remove the problems, a novel approach has to be adopted. 
New energy sources that are clean and abundant should be considered. Hydrogen economy is 
believed to be an important part of the future energy mix [3, 4], Hydrogen based autonomous 
power systems. It is well known that H2 is an excellent energy carrier and can be produced 
from various sources using solar, hydro, biomass, wind and geothermal energy. The most 
common process though to produce hydrogen is via fuel cells. 
1.2 Fuel cell 
The basic concept involved in any modern fuel cell for electric power generation is the 
electrochemical reaction between hydrogen and oxygen in the presence of catalysts, which 
produces electrical energy in the form of a DC current. The by-products are heat and water. 
Since hydrogen has one of the highest chemical reactivity’s, it is commonly used as either 
pure hydrogen or hydrogen-rich fuel in most modern fuel cells. The fuel is supplied on the 
anode side. The anode reaction in fuel cells is either direct oxidation of hydrogen or methanol 
or indirect oxidation via a reforming process for hydrocarbon fuels. The cathode reaction is 
oxygen reduction from air in most fuel cells. Since the electricity in a fuel cell is not 
produced through the use of thermal energy, fuel cell efficiency is not limited by the Carnot 
efficiency. The basic components of a fuel cell are: 
 the electrodes (anode and cathode),  
 the electrolyte and 
 the catalyst.  
The anode consists of a porous gas diffusion layer as an electrode and an anodic catalyst 
layer. It conducts electrons generated at the catalyst/anode/electrolyte interface to the external 
electrical circuit, which eventually returns to the cathode. An electrolyte is formed by an 
ionic bond, conducts protons or ions to the opposite electrode internally, thus completing the 
electric circuit. 
The electrolyte is considered the heart of the fuel cell. It consists of a solid membrane having 
a proton-conducting medium (e.g., moistened with water for PEMFC or DMFC), and a solid 
matrix with a liquid ion-conducting electrolyte (e.g., PAFC, MCFC), or a solid matrix having 
ion-conducting characteristics (e.g., SOFC). The cathode consists of a porous gas diffusion 
layer as an electrode and a cathodic catalyst layer. It conducts electrons returning from the 
external electric circuit to the cathodic catalyst layer. Catalysts speed up the reaction without 
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actually participating in the reaction. The highest oxidation rates and hence current densities 
are found at sites having significant catalyst activity [2]. 
Eventually, to sum up, the benefits of fuel cells are the following: 
 The unit is lighter and smaller and requires little maintenance because of absence of 
mechanical parts. 
 They cause little pollution and little noise. 
 Fuel can be used more effectively than in a central power plant. 
 They can become remarkable home units. 
 High efficiency of about 50% compared to 30% of conventional power systems. 
 Fast startup and fast load response. 
 A fuel cell gives a few times more electrical energy per unit weight as compared to a 
turbo generator or a storage battery. 
 A variety of fuels such as methane, ethane, ethylene, acetylene, propane, butane, 
benzene, methanol, ammonia, hydrazine, LPG, biogas or coal gas can be used.   
 
1.3 H2S potential  
The H2S presence in the Black Sea apart from the harmful effects, i.e., human health and 
ecological problems that arise from air and water pollution, it may serve as a future energy 
source. From theoretical calculations [5] it has been found that it will be possible to produce: 
H2 fuel (almost 1.3 Mio tons or 1.84*10
17
 J) from the H2S layer in 100–200 m depth of Black 
Sea coastal parts. The maximum potential of H2 can be estimated as 86.4 Mio. tons from 
1469 Mio tons of H2S in a layer of 1000–1500 m width. The total H2 potential is estimated as 
270 Mio tons [3], thus 3.83∙1019 J of thermal or 8.97*1015 Wh of electrical energy by using 
270 Mio. tons of the total H2 potential based on the total H2S potential. This amount of H2 
corresponds to 808 Mio tons of gasoline or 766 Mio tons of natural gas [5,6]. 
As a consequence, if H2 is produced from H2S in the Black Sea, the energy demand of the 
regional countries can be partially compensated and surplus H2 fuel can be transported to 
Europe. 
Hydrogen is a possible solution for securing a sustainable growth, replacing the heavy 
dependence on fossil fuels in the world. Fossil fuels, such as oil and gas, are presently the 
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cornerstones of the world-wide economic development. Their extensive use is steadily 
leading to the depletion of their sources raising the question, whether they will be able to 
meet the increased energy demand in the future. Moreover, their environmental impact is 
seriously negative and does not meet the present requirements of a sustainable society and 
economy. 
Furthermore, in the Black Sea Region economies, hydrogen is a possible means for securing 
a nation’s energy supply. The different existing methods to produce and utilize hydrogen can 
provide, to a certain extent, independency from primary sources of imported fuels. With the 
exemption of Russia and Azerbaijan, most other countries of the region are energy importers, 
and hydrogen can play a significant role in order to develop their own independent industry 
for supply of energy. This would provide a significant opportunity for the countries of the 
region to secure their economic growth and increase their economic immunity to potential 
crises related to fuel supply, either direct, due to the variable fuel prices, or indirect, due to 
geopolitical crises with consequences for energy supply [4]. 
A further positive aspect of the utilization of hydrogen fuel from the Black Sea for the 
surrounding countries is the promotion of cooperation among these countries. Cooperation in 
the areas of industrial development and operation of the hydrogen infrastructure, chemical 
and power plants will be necessary when large-scale hydrogen production and utilization will 
become reality. The promotion of development of a hydrogen economy in the Black sea 
region will create the grounds for cooperation between the countries in this region. 
The proposed thesis promotes the energy economy by developing and testing a novel process 
and system to produce H2 from rich in H2S Black Sea deep waters. The research team 
involved will demonstrate a novel micro-structured electrochemical membrane reactor cell 
for hydrogen production, with significant advantages over existing state of the art approaches, 
including: 
a) Production of pure H2 at the cathode from H2S with 100% selective separation. 
b) Co-generation of H2SO4 at the anode, a versatile commodity chemical with the highest 
world production capacity. 
c) Enhancement of H2 generation rate by shift of the equilibrium of the decomposition 
reactions and the electrochemical promotion approach (NEMCA). 
12 
 
d) Simultaneous production and use of hydrogen for the generation of heat and power during 
fuel cell operation mode. 
e) Autonomous thermal operation. 
f) Flexible process modules: The generation and consumption of electrical energy, hydrogen 
and heat can be adjusted to the desired ratio at each time. 
This new technological approach is hoped to become the basis for facilitating the beginning 
of the era of hydrogen production and use in this region. The project consortium will also be 
engaged in the direction of techno-economical evaluation of the potential use of this 
technology at an industrial scale. Considering the very high overall amount of H2S in the 
Black Sea, the total hydrogen potential in the region is estimated to 270 million tons that can 
(theoretically) produce 38.300.000 TJ of thermal energy or 8.970.000 GWh of electrical 
energy (equivalent to 766 million tons of natural gas and 851 million tons of natural 
petroleum). These numbers demonstrate that hydrogen, and new methods and systems for its 
efficient and reliable production, and use can play an important role for the supply of energy 
to the countries in the Black Sea region. 
1.4 Summary 
Generally, this poly-generation approach will enable:  
i) Production of pure H2 at the cathode from H2S/H2O,  
ii) Co-generation of H2SO4 at the anode,  
iii) High efficiencies towards H2 production due to the shift of the equilibrium and the 
application of the electrochemical promotion concept, and  
iv) Flexible operation for the simultaneous production and separation of H2 or its 
direct use for power generation. 
Overall, the thesis will comprise of 6 chapters: 
1.  Introduction – Scope of the thesis: The rationale concerning the proposed idea will 
be described. Both the environmental and energy benefits will be thoroughly 
analyzed. 
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2. Description of the whole process and its main constituents: the overall steps of the 
process as well as a detailed flowchart will be presented. Furthermore, all 
alternative routes for each step will be systematically analyzed. 
3. Process mass and energy balances: ASPEN plus software will be employed to 
elaborate all mass and energy balances. A sensitivity analysis of the critical 
parameters that mostly affect the whole process will be developed. 
4. Techno-economic considerations: Assessment of the optimum case, including the 
calculation of various economic criteria and indicators. 
5. Sensitivity analysis: Defining the correlation between the critical parameters of the 
process.   
6. Conclusions and future work. 
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2. Literature Review 
 
2.1 H2S potentials 
Energy plays a key role in discussions of sustainable development [5]. World requirements 
have been increasing due to ongoing increase of population, technological development, and 
living standards. Energy today is mainly based on non-renewable sources, e.g., coal, 
petroleum, natural gas). However, their extensive use is responsible for the following 
socioeconomic and environmental implications [5]:  
a) Energy deficit, i.e., shortage of fossil fuels, 
b) Environmental pollution (e.g., global warming),  
c) Aridity, poverty, decline of human health, food supply, etc., and  
d) Local, regional and global conflicts. 
Energy is crucial for sustainable development [5]. While demand is increasing and energy is 
mainly based on non-renewable sources, this situation has led to socio-economic and 
environmental implications [5]. Thus, an approach based on clean energy sources has to be 
adopted. H2 fuel has the potential to become the future energy “currency” [3,4]. H2S that is 
abundantly found in Black Sea waters can be considered as an important H2 source [5,6]. 
Black Sea is unique because 90% of its water is anaerobic and contains H2S [1]. H2S content 
increases steadily with depth to 0.36 mmol/l at 1000 m, 0.38 mmol/l at 2000 m, and reaches 
0.60 mmol/l at the bottom. Apart from the harmful effects to human health and ecosystems, 
the H2S in the Black Sea may serve as a future energy source. From theoretical calculations 
[5], it has been found that it will be possible to produce 270 Mio. tons of H2 (3.83∙10
19
 J 
thermal or 8.97∙1015 Wh electrical energy), corresponding to 808 Mio. tons of gasoline or 766 
Mio. tons of natural gas [5,6]. To this end, the proposed project aims at the production of H2 
from H2S gas from the Black Sea. The process steps that have already proposed elsewhere 
[5,7] [consists of a) pumping sea water containing H2S to the surface, b) extraction of a 
concentrated H2S/H2O mixture [7] and c) decomposition of H2S to H2 and S. 
The core of the proposed project is to address the key issue of diversifying energy supply by 
developing methods and processes that will exploit the great hydrogen potential of Black Sea 
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waters. A positive side-effect is the reduction of the H2S level in the marine ecosystem. This 
concept will enable the regional countries to partially fulfill their energy requirements from 
this source and possibly to export surplus hydrogen. It is expected that hydrogen will play a 
key role in the future sustainable economy. 
Hydrogen sulfide (H2S) that is abundantly found in Black Sea deep waters can be considered 
as an important source for H2 [5,6]. The Black Sea is unique because 90% of its water is 
anaerobic. This anaerobic sea water contains H2S, produced by sulfur reducing bacteria. The 
interface between anaerobic and aerobic water lies at depths of about 140 m along the axis of 
the Black Sea and about 250 m along the sides [5]. The content of H2S increases steadily with 
depth to a concentration of 0.36 mmol/l sea water at 1000 m, to 0.38 mmol/l at 2000 m and 
reaches 0.60 mmol/l at the bottom [5]. 
The reason for the absence of H2S above a depth of 100m is explained by the presence of 
sulfur aerobic bacteria at the Black Sea’s surface which are capable of transforming H2S into 
sulfate (Figure 1). 
 
 
Figure 1:  Natural equilibrium of Black Sea [7] 
 
The solubility of H2S gas in water is really high and according to Henry’s law, it depends on 
temperature, salinity, pH, pressure, and also the nature of H2S and water molecules. 
Respectively to the upcoming disaggregation constants: 
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H2S ↔ H
+
+ HS
- 
       K1                                    (1) 
HS
- ↔ H++ S--                              K2                                    (2) 
H2O ↔ H
+
+ OH
-
                   Kw                                    (3) 
 
With respect to Le Chatelier’s law and accordingly to the biological reactions of formation 
consumption of H2S (4-6), various researchers came up to the conclusion that the 
concentration of H2S in depth that fluctuates between 800 – 1200 m is approximately 10 ppm. 
 
                 SO4
--
 → H2S + S
--             
(anaerobic bacteriasulfur reducing bacteria)               (4)
 
                  H2S → H2 + S               (photosynthesis purple bacteria)                (5) 
                  H2S → SO4
--
 + S
--
         (aerobic bacteria thiobacillu)                (6) 
 
Figure 1 illustrates all the above inorganic and biological reactions with their resolution 
constantat the Black Sea with dependence of depth, taking as granted implementation of the 
Le Chatelier principle. 
In this context, the main aim of the present thesis is to elaborate a feasibility study concerning 
all described steps involved in the proposed process of hydrogen production from the H2S 
that is contained in Black Sea deep waters. Petrov et al. [8] have performed a prefeasibility 
study estimating that the annual incomes of such an investment will be approximately 28000 
€. The process steps of H2 production from H2S are as follows:  
a) Pumping sea water containing H2S (0.36 mmol/l at 1000 m depth) to the surface,  
b) Extraction of H2S from the water, and  
c) Decomposition of H2S to H2 and sulphur. 
The alternative routes for each of the whole process steps are illustrated in the following 
Figure 2. 
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Figure 2: Possible steps for H2 production from seawater H2S 
 
2.2 Pumping seawater 
The application of a water turbine pump is necessary in order to pump the Black Sea water. 
Turbine pumps are divided into two major types:  
 Reaction 
Francis, Kaplan, Bulb, Propeller  
 Impulse turbines 
Pelton, Turgo, Jonval 
Petrov et al. [8] suggested the implementation of a grundfoss pump turbine. Grundfoss is a 
centrifugal pump and be categorized as radial, axial and mixed flow. The grundfoss type 
BMET is suitable for applications like seawater pumping.  
Baykara et al. [6] proposed the implementation of sectional pipes operated separately instead 
of using a syphon like pipeline structure. In this way, both the operation and the maintenance 
functions would be more efficient. 
Sea Water 
Pump 
H2O/H2S 
Adsorption 
 Reverse osmosis 
Aeration 
Ozonation 
H2O 
Thermochemical 
Electrochemical 
Photochemical 
Plasmochemical 
Thermal 
Removal of H2S 
from H2O 
Production 
methods of H2 
H2S H2 
Electricity 
H2O 
H2SO4 
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The choice of the proper materials for Seawater Pipeline Systems is very crucial for the 
effective function of the whole system. The appropriate materials have to demonstrate high 
tolerance to seawater and external environment corrosion and resistance to damages during 
manufacturing process and operation period. 
According to Morrow [9] in order to avoid corrosion caused by hydrogen sulfide the most 
proper materials that have to be used for the pipelines are the stainless steels alloys 
containing 6% of molybdenum, although they are the most expensive choice. On the other 
hand, copper nickel alloys even though they do not achieve the same level of resistance to 
corrosion, they are much cheaper.   
In the same way, Little and Wagner have also indicated that the addition of Fe2SO4 to copper 
nickel alloys does not significantly improve the resistance to sulfide induced corrosion [10].  
Hassan and Malik have the studied the resistance of sea water pipelines made by various 
forms of stainless steel [11]. Generally, according to special tests that were held both on pilot 
and industrial scale the majority of stainless steel alloys displayed good performance against 
corrosion. 
 
2.3 Removal of H2S from H2O 
Taking into account what mentioned before, the basic methods for extracting hydrogen 
sulfide from water are: 
 Adsorption 
 Aeration 
 Reverse osmosis 
 Ozonation 
2.3.1 Adsorption 
The phenomenon of fluids’ molecules to get attached to solids surface due to the attractive 
forces between molecules is called adsorption [12]. In other words, adsorption is the binding 
of molecules or particles. The binding to the surface is usually weak and reversible. The 
implementation of activated carbons and carbon filters for adsorptive processes is well-
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known and really mature technology with many applications such as removal of impurities 
from gases and wastewater treatment procedures.  
Bandosz [13] has studied the adsorption of hydrogen sulfide using various types of activated 
carbons such as bituminous coal, wood, coconut shells and peat. The adsorbents were 
appropriately selected so as to have variant properties (surface areas, pore volumes, and 
surface acidities). The most useful conclusion was that the presence of water expedites the 
disaggregation process. 
The investigation of the adsorption of hydrogen sulfide utilizing ZnO surfaces carried out by 
Yin Gai-Yu et al. [14]. The application of the suitable CFD software led to the result that H2S 
can easily adsorb on ZnO surfaces even at low temperatures.  
Moreover, Svärd has investigated the H2S adsorption at low temperatures. The examined 
adsorbents were two iron oxides. The experiments showed that Fe3O4 performed better 
adsorption results even compared to commercial adsorbents [13]. 
Petrov et al. [16] described a hydrogen sulfide extraction unit where water passes through a 
bed of activated carbon particles, H2S is adsorbed and water with salts is obtained as a 
byproduct. This byproduct can be submitted into further procedures so as to receive sweet 
water. As carbon AD3 IPMP Buzau has been used this has an adsorption capacity of 0.0021 g 
H2S/g of activated carbon. The adsorption capacity of the carbons regarding to hydrogen 
sulfide is a function of surface chemistry, large surface area and porosity of carbon, and its 
pH level. The adsorption in order to be possible the decrease of the pH level of the Black sea 
water from 8 to 4 is necessary. The extraction of H2S from carbon (pH levels in the range 3.8 
- 4.5) can be achieved by elaborating NaOH and shifting into solution. Finally, an evaporator 
is used so as to increase the concentration of the HS
- 
+NaOH solution. The reactions that 
describe this mechanism are the following:  
 
                                                H2S + AOH → AHS + H2O                 (7) 
or, 
                                    H2S(aq) + NaOH(s) – C →  NaHS(aq) – C + H2O                       (8)   
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2.3.2 Aeration 
Aeration is the process of bringing water and air into close contact in order to remove 
dissolved gases, such as carbon dioxide, and to oxidize dissolved metals such as iron. It can 
also be used to remove volatile organic chemicals (VOC) in the water.  Aeration is often the 
most common process at a treatment plant. During aeration, constituents are removed or 
modified before they can interfere with the treatment processes [12].Aeration is one of the 
processes used for the removal of hydrogen sulfide from the water. The turbulence from the 
aerator will easily displace the gas from the water. The designer of the system needs to 
consider how the gas is discharged from the aerator. If the gas accumulates directly above the 
water, the process will be slowed, and corrosive conditions can be created.An innovative 
method for separating hydrogen sulfide from water has been introduced from Naman et al. 
[7]. According to this study H2S can be extracted from water by spraying it at the top of a 
closed tower. Air strippers is a very mature technology for mass transfer where by contacting 
air and water, hydrogen sulfide can be transferred from water into gaseous phase. This 
method is rather beneficial since the conversion of the molecules of H2S is avoided and can 
be achieved through Henry’s law. The employment of Henry’s law is really significant in 
order to evaluate the Hydrogen sulfide extraction from Black sea since some H2S molecules 
will be eventually converted into sulfur or sulfate due to their oxidation by the air. In this 
study, a novel below water extraction unit has been proposed in order to separate hydrogen 
sulfide from water. Figure 3 illustrates this unit.  
 
Figure 3: New industrial extraction unit of H2S designed for inside water [7] 
21 
 
Glass and plastic were used as constructing materials for this leak-proof unit. According to 
the authors since piping and pumping of water containing H2S will be replaced by pumping 
just hydrogen sulfide, this inside water process seems to be more economical. The unit 
consists of an electric heater to control the temperature, a water chiller at the top to split any 
water vapor and a sweeping pump that is installed at the top of the power to evacuate the 
spraying tower. 
A similar unit installed outside the Black Sea water is used on industrial base nowadays 
(Figure 4). This large unit has the capability to pump huge amounts of sea water containing 
H2S. Afterwards the H2S is removed and transferred to an ethanolamine tank.  
 
Figure 4: Industrial extraction unit of H2S pilot plant [7] 
A comparison between the two technologies is illustrated in Table 1. Nevertheless, according 
to the authors it would be immature to evaluate which method is more economically 
beneficial since it is yet under consideration and examination. 
Table1 - Comparison between extraction outside and inside Black Sea water [7] 
Outside Inside 
Necessity for pumps for transferring 
water 
Only pipes for transferring H2S to the 
surface 
Tank for water storage No tanks for water storage 
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Unit operation pressure 1 atm Unit operation pressure 100 atm  
Pumping stations on the surface No pumping stations, just a small pump  
Possible contamination as a result of 
H2S escape 
No pollution due to H2S escape 
Pump with specific characteristics Immersion pump with same power 
 
2.3.3 Reverse osmosis 
Reverse osmosis is the process where fluids are pressed back through the membrane, while 
dissolved solids stay behind by applying a pressure that exceeds the osmotic pressure, the 
reverse effect occurs. The reverse osmosis membrane allows the eclectic transition of certain 
species such as water whereas partially or completely maintaining other species like solutes 
such as hydrogen sulfide [12]. Ilinich et al. [17] proposed that the most suitable catalyst for 
the removal of hydrogen sulfide from water is iron-containing phosphotungstenate heteropoly 
anion according to the following chemical reaction: 
2NO + 2O2+ H2S → 2HNO3 + S      (9) 
The characteristics of the catalyst (structure and activity) did not change after the reverse 
osmosis process, thus making possible their reuse.  
2.3.4 Ozonation 
Hydrogen sulfide is easily oxidized by ozone, ultimately to form sulfate. The initial oxidation 
is to form elemental sulfur, which is seen as a light colored colloidal suspension. Further 
oxidation dissolves the elemental sulfur to sulfite and continued oxidation produces sulfate 
[12]. 
Hwang et al. [18] investigated several methods for removing hydrogen sulfide from water, 
including activated carbon adsorption, ozonation and aerated bio filter. According to the 
experimental results ozonation seemed to be the most inefficient method compared to the 
other two. 
Legube et al. [19] performed laboratory experiments in order to assess the catalytic ozonation 
effectiveness with regard to impurities removal, including hydrogen sulfide. Various forms of 
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several metals were used, and the lab results showed that metal catalysts and especially noble 
metals dramatically improved ozonation efficiency. 
2.4 Production methods of H2 
The decomposition of H2S to H2 can be achieved using various technologies categorized as 
thermal, thermochemical, electrochemical, photochemical and plasmochemical methods [4]. 
Both thermal and thermochemical processes require high temperatures (1000-1200 K). The 
plasma and photochemical methods are presently in an early stage of development. 
Therefore, the electrochemical process, which operates at intermediate temperatures (700-
1000 K), is seen as the most promising approach.     
Hydrogen sulfide even if it is really a pretty plentiful source its potential is not completely 
exploited by the industry. This is actually the mineral that two useful items, hydrogen as well 
as sulfur, may end up being extracted. Absolutely no one of this kind of removal is performed 
these days. Sulfur, nevertheless, is actually retrieved by incomplete oxidation through Claus 
procedure as well as low-quality vapor is produced taking advantage of the heat of reaction. 
Attempts to produce hydrogen as well as sulfur through hydrogen sulfide may be achieved 
nowadays via a varied number of methods. These methods include: 
 Thermal  
 Thermochemical 
 Photochemical 
 Plasmochemical 
 Electrochemical 
2.4.1 Thermal 
Thermal processes consist of: 
 Processes in tubular reactors 
 Processes with equilibrium shift 
 Thermal methods using solar energy 
An investigation of the research work dealing with thermal decomposition indicates that only 
a narrow amount of study has been performed on the kinetics, mechanism and catalyst 
development [4]. The kinetic studies lack of experimental approach and are limited to theory. 
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Regarding to catalysts, just MoS2 has been fully examined. However, even in this occasion, 
there is no proposal for developing the catalyst. Besides, all of the studies carried out with 
regard to thermal processes remained restrained, and none of them can stand out on a 
commercial basis. 
Baykara et al. [6] suggested the exploitation of solar energy through parabolic dish type 
concentrators so as to produce hydrogen from hydrogen sulfide. The estimated annual 
capacity is 600–1000 kmoles of hydrogen and sulphur. The process is really flexible, and it is 
capable of upgrading the plant’s capacity simply by increasing the modules numbers. 
2.4.2 Thermochemical 
 Two-step closed cycles with metals or metal sulfides 
 Two-step closed cycle with carbon monoxide 
 Two-step closed cycle with iodine 
 Two-step open cycle with metals 
Hydrogen and sulfur can be derived from hydrogen sulfide through thermochemical 
processes in an efficient way. Nevertheless, the major disadvantage of two-step sulfide 
processes is the controlling of huge mass of sulfides and metals and the necessity for cooling 
and re-heating them due to the divergences in operating temperatures of the two steps [4]. 
Demirbas [20] has briefly described the thermochemical pathways for environmentally 
friendly hydrogen generation from hydrogen sulfide. The author claims that the most 
promising avenue is the partial combustion. 
a) Super adiabatic Partial Oxidation for Hydrogen and Sulfur Production from H2S 
The reactions that take place in this process are the following: 
                                   2H2S + O2 → 2S + H2O • ΔΗ = - 189.27 kJ/mol           (10) 
                                         H2S → S + H2 •   ΔΗ = + 17.42 kJ/mol            (11) 
The two reactions occur in different reactors (Figure 6). Through this procedure, we can 
exploit the energy that released from hydrogen sulfide combustion by providing it to H2S 
decomposition reaction. From the ΔΗ values, we can notice that the energy received from the 
combustion of one H2S molecule is sufficient for the decomposition of 10 H2S molecules. 
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Figure 5: Hydrogen from hydrogen sulfide via superadiabatic combustion (SAC) process 
[20] 
 
b) Sulfur–iodine Thermochemical Water-splitting Process 
The reactions below outline the mechanism of this procedure: 
                                       H2SO4 → H2O + SO2 + 0.5O2               (12) 
                                       2H2O + SO2 + I2 → H2SO4 + 2HI                                          (13) 
                                       2HI → H2 + I2                                                             (14) 
The author suggested to substitute the H2SO4 disassociation reaction with a reaction between 
H2SO4 and H2S, thus the new cycle will be: 
                                       H2S + H2SO4 → S + SO2 + 2H2O                            (15) 
                                       2H2O + SO2 + I2 → H2SO4 + 2HI                               (16) 
                                       2HI → H2 + I2                 (17) 
Including the following reactions: 
                                        O2 + S → SO2                  (18) 
                                        SO2 + 0.5O2 → SO3                 (19) 
                                        SO3 + H2O → H2SO4                                (20) 
This mechanism is rather advantageous since it give us the flexibility to determine the 
desirable H2/H2SO4 production ratio.   
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c) Pyrolysis 
Another possible pathway of hydrogen sulfide decomposition is the pyrolysis process which 
takes place between the range of 0.4 and 1.6 seconds and 1000-1300 K. Archambault et al. 
have studied the kinetics of this mechanism by developing a rather detailed kinetic model that 
extracted results in relevantly good agreement with laboratory data [21].Direct thermal 
decomposition of hydrogen sulfide, although is considered to be the most direct pathway for 
hydrogen and sulfur generation, seems to be rather inefficient in terms of conversion rates. 
However, the presence of catalysts such as platinum-cobalt favors the dissociation reactions.  
d) Hydrogen Sulfide Reformation of Natural Gas 
The governing reactions of this procedure can be written as follows: 
                                       H2S → H2 + 0.5S2  ΔΗ = +79.9 kJ/mole              (21) 
                                     CH4 + 2S2 → CS2 + 2H2S  ΔΗ = - 107 kJ/mole              (22) 
or as overall: 
                                    CH4 + 2H2S → CS2 + 4H2  ΔΗ = + 232.4 kJ/mole             (23) 
Carbon disulfide which has many applications in chemical industry is received as a by-
product. The combination of processes “a” and “b” is also known as Claus process. 
2.4.3 Photochemical 
The breakdown of water through photolysis in order to produce hydrogen has raised 
significant interest in recent years [4]. The assistance of photo catalysts is essential so as to 
exploit solar energy for the decomposition of water since molecules like water are not able to 
absorb solar radiation by their own. These photochemical ways have been effectively utilized 
for the decomposition of hydrogen sulfide to hydrogen and sulfur. Moreover, the existence of 
huge quantities of both sulfite and sulfide in chemical industry favors the sustainability of the 
photochemical decomposition of hydrogen sulfide. Nonetheless, despite the progress that has 
been noticed in the development of photocatalysts, the advance of an efficient photoreactor 
has not reached yet a mature level.   
2.4.4 Plasmochemical 
Plasma is an ionized gas which may be generated through several of methods: combustion, 
flames and explosions, nuclear reactions, electrically heated furnaces, electrical discharges 
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(coronas, sparks, glows, arcs, microwave discharges, plasma jets), shocks (electrical, 
magnetic and chemically driven), adiabatic compression technique and bombardment of 
quanta of electromagnetic fields or high-energy particles [4]. The classification of plasmas 
depends on their energy level, temperature and ionic density. Former Soviet Union is 
considered to be the leader of research in plasma decomposition of hydrogen sulfide from the 
most remarkable work that has been carried out by Bagautdinov et al. [22, 23] mentioned the 
development of a pilot plant for the decomposition of hydrogen sulfide reliant on laboratory 
experiments. Plasma methods are still in a preliminary level, and many steps have to be made 
in order to be available for the chemical industry.  Even though the plasma process is not 
pollutant and has approximately no generated wastes, there are many hurdles to be overcome 
such as the use of electrical energy. 
2.4.5 Electrochemical 
A well-established method to produce hydrogen is electrolysis of alkaline water. Throughout 
the years, many technologies have been introduced such as advanced alkaline water 
electrolysis (AWE), inorganic membrane alkaline water electrolysis (IME), solid polymer 
electrolysis (SPE), high-temperature electrolysis (HTE) and intermediate temperature 
electrolysis (ITE) [4]. Three are the most evident ways to extract hydrogen via electrolysis: 
 direct electrolysis 
 indirect electrolysis 
 high temperature electrolysis.  
A remarkable study has been conducted by Anani et al. [24] regarding to electrolysis of 
hydrogen sulfide where a double-compartment cell has been employed using as separator 
nafion membrane. The experimental results showed high efficient production of both pure 
hydrogen and elemental sulfur. Many studies have been conducted in the past regarding the 
development of suitable fuel cells for the decomposition of hydrogen sulfide to its constituent 
elements. All of the researchers proposed several materials for the anode, the cathode and the 
membrane, indicating in this way the flexibility that fuel-cell construction has. Furthermore, 
Luis Aguilar et al. [25] proposed a mixture of hydrogen sulfide and hydrogen as fuel for a 
SOFC for maximum power generation (5% H2S – 95% H2). Stable ceramic H+ conductors 
that operate between 700-1000 K are widely investigated at present, because they can be used 
in electrochemical reactors and fuel cells [26,27]. These both types of cells consist of a dense 
solid electrolyte membrane and two porous electrodes [27]. The anode is exposed to a H2 
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containing gas. In the proposed process, the anode will be exposed to the concentrated 
H2S/H2O mixture (0.1-1% H2S) and catalyze the decomposition of H2S to H
+
 and S. H
+
 are 
transferred through the membrane to the cathode, where they are converted either to H2 
(pumping mode) or to H2O generating power (fuel cell mode). The cathode is exposed to 
either an inert gas or to air. The two electrodes can be connected to a voltmeter (case a), an 
external resistive load (case b), or to an external power source (case c). The open-circuit 
voltage (case a) provides information on the difference in chemical potential, allowing the 
investigation of catalytic properties and reaction mechanisms. In the fuel-cell mode (case b), 
chemical energy can be converted directly into electrical energy. By application of an 
electrical current (case c) (Figure 6), the cell acts as an electrochemical hydrogen pump [28]. 
Furthermore, the cell can operate as a co-generative fuel cell, improving the thermal 
management and the economics of the proposed process. In this case, the cell acts as a semi-
permeable membrane for hydrogen and the resulting free energy of the reaction is converted 
into electrical energy. Finally, the rates of catalytic reactions can be electrochemically 
promoted. If the catalyst to be promoted is the working electrode, ions can be 
electrochemically “pumped” to or away from the catalyst during reaction. This can cause a 
dramatic change in catalytic activity; a phenomenon called Non-Electrochemical 
Modification of Catalytic Activity (NEMCA) [29]. 
 
Figure 6: Schematic of the fuel cell reactor 
 
By removing H+ from the anode chamber, H2S will be decomposed to H+ and S: 
                                                   H2S → 2H
+
 + 1/n Sn + 2e
- 
                  (24) 
If the H2S is depleted, the decomposition of accompanying H2O in the feed gas will also 
occur: 
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                                                H2O → 2H
+
 + 1/2O2 + 2e
- 
              (25) 
The H+ are transferred through the membrane to the cathode, where they form H2 (pump 
mode): 
                                              2H
+
 + 2e
-
 → H2                 (26) 
If O2 is present at the cathode, the reaction to H2O allows the generation of electrical energy: 
                                                 2H
+
 + O2 + 2e
-
 → H2O + electrical energy              (27) 
The resulting sulphur will be utilized for production of H2SO4 (reactions 5-7). These 
exothermic reactions will provide the thermal energy for heating the feed gases and the 
electrochemical reactor.  
                                                    S + O2 → SO2                                                                   (28)         (28) 
                                                    SO2 + ½O2 → SO3                            (29) 
                                                    SO3 + H2O → H2SO4                (30)    
If O2 is present at the anode, the generated Sn (n = 1-8) will react to SO2/SO3 and further with 
excess H2O to H2SO4. This approach will enable: 
i) Production of pure H2 at the cathode from H2S/H2O,  
ii) Co-generation of H2SO4 at the anode,  
iii) High efficiencies towards H2 production due to the shift of the equilibrium and the 
application of the electrochemical promotion concept, and 
iv) Flexible operation for the simultaneous production and separation of H2 or its direct 
use for power generation.  
 
In the literature, the application of sulphide ionic conductors for the removal of H2S from gas 
streams [30] has been described. The present concept with H+ conducting membranes is new. 
Its advantage is based on its poly-generation approach in a single micro-structured device. 
The multi-disciplinary character of the proposed research calls for a holistic approach to 
address all disciplines ranging from material’s science and engineering to micro-cell 
fabrication and process system engineering. 
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H+ conducting membrane: The H+ conducting solid electrolytes have to exhibit i) high ionic 
conductivity at moderate temperatures in order to be able to use less-expensive materials [3] 
and enhance H2SO4 selectivity, ii) chemical stability towards H2S, and iii) mechanical 
strength. The most frequently used H+ conducting oxide electrolytes are doped CeO2 or Sr-
doped zirconia perovskite oxides [31]. Although high H+ conductivity has been reported for 
many perovskite and non-perovskite oxides in humid atmospheres [32], the combination of 
high H+ conductivity and stability, a prerequisite for their application, has not been 
satisfactorily addressed. Only few studies are dealing with the use of H
+
 conducting 
membranes in H2S-containing mixtures [33]. A comparison between perovskite- and non-
perovskite oxides showed that the former is superior in terms of ionic conductivity [34]. 
Among the perovskite oxides, BaCe1-xYxO3-δ showed the highest ionic conductivity [31], 
however, its chemical stability soon became a critical issue. Barium zirconate has higher 
chemical stability, but its H+ conductivity is relatively low. Recently, a new H+ conductor, 
BaCe0.5Zr0.3Y0.16Zn0.04O3-δ, which has a total conductivity in wet 5% H2 of 3.14 mS cm-1 at 
400 ºC, has been reported [35]. Li et al. found that Yttrium-doped barium zirconate has high 
stability in dilute H2S at 700–1000 K [13] [33]. The challenging goal is to develop novel 
complex perovskites based on BaCe1-x(Zr, Y, Zn, Fe)xO3-δ for use in intermediate 
temperature H
+
-conducting cells, exhibiting high stability and electrochemical performance 
when operating with H2S. 
Electrodes: The anodes have to exhibit i) high catalytic activity and selectivity towards the 
H2S/H2O decomposition and H2SO4 formation reactions, ii) high electronic conductivity, iii) 
good adherence to solid electrolyte, and iv) corrosion tolerance to H2S and S-compounds. 
Most of the studies so far concern S-tolerant electrodes in O2
--
 SOFCs [36]. Physical 
absorption of S that blocks the active sites and chemical reaction that forms sulphides are the 
main degradation mechanisms. The S-tolerant electrodes are categorized to: thiospinels and 
metal sulphides (active for H2S decomposition [37], metal cermets, and mixed ionic and 
electronic conductors (MIEC). The combined application of materials through proper design 
and promotion with surface/structure modifiers may be effective to achieve a balance 
between stability and performance [36]. The use of promoters in catalysis is to modify the 
electronic properties of catalysts and as a consequence to adjust the strength of the 
chemisorptive bonds. Three different families of electrodes will be tested:  
 Thiospinels and metal sulphides: M-MoS2 or M-CoS2 where M: Fe, Cu, Ru, Ni, Ag, 
 Metal cermets: M-Cu/M2O3-CeO2, where M: Ni, Ru and M’ = Sm, Gd, and 
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 MIEC: Lanthanum titanate (La1-xSrxTiO3) and lanthanum vanadate (La1-xSrxVO3) 
perovskites.   
 
The cathode has to exhibit  
i) high electronic conductivity,  
ii) low over potentials towards H2 formation and H
+
 oxidation and 
iii) good adherence to solid electrolyte. Recent efforts have focused on MIEC (LSM 
and LSFC perovskites). 
 
Micro-structured cell fabrication: Ceramic membranes in the shape of thin planar films on 
ceramic and on porous metallic supports will be developed, which will be integrated in 
micro-structured electrochemical cells. Macroscopic gas phase membrane reactors may suffer 
from concentration polarization effects, in particular, if the mass transport through the 
membrane is fast and poorly defined flow conditions prevail. In the present approach, mass 
transport and heat transfer are optimized through the application of micro-channels. The 
cross-sectional dimensions of the channels in the range of 100-500 µm lead to fast gas 
diffusion and heat conduction across the channels. This results in well-defined reaction 
conditions alleviating the kinetic analysis of the performance of the electrochemical 
membrane reactors to be developed. The beneficial effects of micro-structured reactors have 
been demonstrated by IMVT in many applications [38].  
Integrated process design, simulation and optimization: H2 production from H2S rich Black 
Sea waters involve the integration of various technologies. The theoretical analysis developed 
prior to or accompanying the applied research will comprise concrete techno-economical 
evaluations, process modeling and control studies. Examples in this field comprise studies 
performed in integrated RES systems used in various applications. The most sustainable route 
for hydrogen and sulfur production from hydrogen sulfide seems to be the electrochemical 
approach. Furthermore, the incorporation of fuel cells with the photovoltaic technology could 
be an alternative avenue for environmental friendly hydrogen generation. Furthermore more 
studies have to be done in the field of both kinetics and transport rates in order to enable the 
development and the scale up of fuel cells. In this study, the production of hydrogen from 
H2S gas in the Black Sea will employ micro-structured H
+
-conducting solid oxide membrane 
reactors. The process steps of the proposed H2 production from H2S are as follows:  
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a) pumping sea water containing H2S (0.36 mmol/l at 1000 m depth) to the surface, 
b) extraction of H2S from the water and  
c) decomposition of H2S to H2 and sulphur 
2.5 Kinetics 
The kinetics’ parameters of H2S decomposition reaction have been studied and estimated by 
Reshetenko et al. [39] for three different catalysts (γ-Al2O3, α-Fe2O3, V2O5). The 
experimental results are illustrated in the Table 2 below, where nH2S is the reaction order of 
hydrogen sulfide decomposition to hydrogen and sulfur while Ea is the activation energy of 
this reaction. 
Table 2 – Kinetic parameters of reaction on the studied metal oxides [39] 
                  Catalyst       nH2S    Ea (kj/mole) 
γ-Al2O3    2.0     72 
V2O5    2.0     94 
α-Fe2O3     2.6     103 
 
Molybdenum disulfide is another one effective catalyst for the dissociation of hydrogen 
sulfide with a conversion rate up to 95% [40]. The reaction took place in the range of 500 to 
800 
0
C and the most significant outcomes are presented in the following Table 3: 
Table 3 - Decomposition of hydrogen sulfide on unsupported MoS2 catalyst at 550 
0
C [40] 
Volume (mL) Time (hr) 
   Initial             10                 45             140            150                End 
H2S introduced                       132.8  
H2 produced         - 20.1      30.3           52.4           20.9           27.7 
H2 removed          - 16.3      24.6           52.4           20.9               27.7 
H2S added          - 34.0      63.9             0      0             0 
total amount    132.8          166.8            230.7         230.7          230.7             230.7 
of H2S introduced 
total amount of H2, 
produced        0           20.1              46.6          93.3           114.2            141.9 
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Bishara et al. [41] conducted a study about the kinetics of thermochemical decomposition of 
hydrogen sulfide by solar energy for three catalysts, having proposed that the rate constants 
of the reactions are defined by the upcoming equations: 
                      k = 7.1 × 10
7
 exp (-18080/RT) (l/gmol∙s),   for alumina              (31) 
                      k = 18.9 x 10
7
 exp (-16500/RT) (l/gmol∙s),   for Ni-Mo sulfide                  (32)  
                      k= 4.2 × 10
7 
exp (-14150/RT) (l/gmol∙s),  for Co-Mo sulfide            (33)   
while Table 4 illustrates the values of activation energy (E) and pre-exponential factor (A). 
Table 4 - Values of activation energy (E) and pre-exponential factor (A) deducted from 
assumed rate equations for various catalysts [41] 
Kinetic Parameters  First order            Second order 
    irreversible           irreversible 
Catalyst     E   A           E       A × 10
7
 
     (kcal/mol)        (s
-1
)   (kcal/mol-l)        (s
-1
) 
γ-Alumina    12.402            287.402                 18.078      7.096 
Nickel-molybdenum 
sulfide               13.506            480.483                 16.5                  18.89 
Cobalt-molybdenum 
sulfide               11.754            147.152                 14.152       4.203 
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3. Mass and Energy Balances 
In the aforementioned chapter, a brief analysis for hydrogen production from hydrogen 
sulfide was held including all the possible pathways for each step of the process. In this 
chapter, the specific route for each step of the process will be presented including the 
selection of the proper equipment as well as the mass and energy balances that govern each 
process individually. An energetic assessment will be also performed as well as a 
fundamental design of the proposed fuel cell. Aspen plus software was employed in order to 
solve the mass and energy balances.  
The whole procedure consists of five major steps: 
 Pumping sea water from Black Sea 
 Extraction of hydrogen sulfide from sea water 
 Production of hydrogen and sulfur from H2O/H2S concentrations. 
 Utilization of H2 towards power production in fuel cell system. 
 Utilization of side products such as H2SO4 in an integrated and economic manner. 
Figure 7 depicts a comprehensive flow diagram of the selected process. Subsequently in this 
chapter the selection of Aspen plus block for each step as well as the analysis of these will be 
conducted.  
 
Figure 7: Process Flow Diagram 
Pelton Turbine 
Increase of H2S concentration via a Flash Drum 
Fuel Cell  
(Heat and Power) 
Production of H2SO4 
Steam Turbine (electricity) 
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3.1  Aspen plus software 
Aspen plus is a very common software tool which is able to simulate various chemical 
processes such as separations, reactions, fluid transfer, mixing, etc. Various researchers have 
employed in recent years aspen plus simulator for modeling solid oxide fuel cells. Palsson et 
al. [42] by using aspen plus conducted a two-dimensional, steady-state SOFC study and 
performed a parametric analysis. The results extracted by the model showed reasonable 
agreement with literature models.  
Zhang et al. [43] deployed a comprehensive aspen plus model for a SOFC simulation. The 
model has been developed by adopting literature data and for the sensitivity analysis current 
density and power outputs were used as variables. A tubular solid oxide fuel cell stack study 
using aspen plus has been carried out by Doherty et al. [44]. Nevertheless, this model has not 
been validated yet because of obstacles faced during voltage calculations. 
In this study, the developed Aspen Plus model has the following features: 
 Run type: Flow sheet (most common in aspen plus simulator) 
 Input mode: Steady state (no dynamic approach) 
 Stream class: Conventional (use when simulation does not involve solids) 
 Property method: Ideal (use both Henry’s and Raoult’s law, in this case as a Henry 
component H2S was defined) 
 Process type: All 
 
Table 5 illustrates all the necessary components that have been employed in order to develop 
the model. Aspen plus simulator includes all the required physical and chemical properties of 
these components. 
 Table 5 – Component list 
Component ID Type Component name Formula 
H2O CONV WATER H2O 
H2 CONV HYDROGEN H2 
O2 CONV OXYGEN O2 
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H2S CONV HYDROGEN-SULFIDE H2S 
S CONV SULFUR S 
H2SO4 CONV SULFURIC-ACID H2SO4 
H CONV HYDROGEN-MONATOMIC-GAS H 
ELECT-01 CONV ELECTRON-GAS E
-
 
N2 CONV NITROGEN N2 
O2S CONV SULFUR-DIOXIDE O2S 
O3S CONV SULFUR-TRIOXIDE O3S 
 
3.2 Pumping sea water from Black Sea 
A pelton water turbine (Figure 8) is used for pumping seawater since its suitability for high 
head applications, makes it the most proper choice for this project where Δh = 1000 meters. 
Pelton is a reaction turbine performing high efficiencies (approximately equal to 92%) and 
with many applications mainly for power generation. Furthermore, a Pelton turbine is capable 
of functioning at pump mode (usually for energy storage), thus it can be used for the needs of 
this project for pumping water from a deep reservoir (1000 m) [7].  
The turbine will be installed on the surface so as to exploit suction. Suction is not a force, but 
simply removing an opposing force to the force of air pressure, which is already there. When 
a pipe is installed down a deep hole into a pool of water at the bottom of a well, air inside the 
pipe is pushing down on the water in the pipe, and air outside the pipe is pushing down on the 
water outside the pipe, which in turn pushes up on water inside the pipe. All is in balance. 
However, when the turbine (or pump) sucks out the air inside the pipe, the water is pushed up 
the same as it was before, but there is no counter acting force pushing the water down, so it 
begins to rise inside the pipe.  
Conceptual design of Pelton turbine [45]: 
Turbine specific speed: 
The turbine’s specific speed is provided as a relationship of turbine’s power and water’s head 
as equation (34) indicates:  
                                                                          √   
                 (34)   
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 P= Power (kW) 
 H= Water head (m) 
Torque: 
Torque, also known as moment of force, is the tendency of a force to rotate an object and can 
be calculated from the following equation: 
                                                                                    (35)   
 ρ = fluid density (kg/m3) 
 Q = fluid flow rate (m3/s) 
 V = relative velocity (m/s) 
 u  = absolute velocity (m/s) 
Power: 
The theoretical turbine’s power is proportional to the torque as follows: 
                                                                      (kW)                                   (36)                                                                                                                              
 ω = angular velocity (rads/s) 
 F = force (Newton) 
 
Figure 8: Pelton water turbine [45] 
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Due to the high head, the flow rate for a Pelton turbine is relatively low, fluctuating between 
the range of 5 liters/second for small applications up to 2 m
3
/s (Figure 9) for large systems 
[45]. Due to this fact, the required pipeline system consists of relatively low-diameter pipes, 
making the installation of a Pelton turbine rather easy. In the present study, a flow rate of 1 
m
3
/s was selected.  
 
Figure 9: Turbine Application Range [46] 
 
The aspen plus pump module (Figure 10) was used in order to simulate the Pelton turbine. It 
has the capability of simulating both pumps (increase pressure) and hydraulic turbines 
(pressure decrease) [47]. The concentration of hydrogen sulfide at depth of 1000 m is 10ppm 
or 10 mg/liter. In the present study H2S was considered to be the only soluble of water and 
the assumption that seawater has the same density with water was made (1000 kg/m
3
). The 
pressure of the FEED stream is 100 bar decreasing eventually to 1 bar at the outlet speed. The 
required power to overcome the hydraulic static head equals to 320 kW. Table 5 illustrates 
the mass and energy balance of the Pelton turbine. The nominal power output without taking 
into consideration the turbine’s efficiency is calculated by the following equation: 
                                                                                                             (37)   
 ρ = density of water               (kg/m3) 
 g = gravity acceleration  (m/s2) 
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 Δh = Head developed   (m) 
 
Figure 10: Aspen plus pump module 
 
Thus considering that the common efficiency of a Pelton turbine is 0.92 [45] and taking into 
account that the Pelton turbine functions at pump mode the net power input to the turbine is:  
                                                                  
  
    
                                               (38) 
This amount of power has to be provided to the pump in the form of electricity in order to be 
in function. Table 6 illustrates the features of the pump employed in the proposed Aspen plus 
model. 
Table 6 – Pump’s characteristics 
Pressure (bar) 
In Out 
100 1 
Hydraulic Head (m) 
-1000 
Efficiency 
0.92 
Net Required Power (kW) 
320 
NPSH Available (m) 
898 
Head Developed (m) 
91 
FEED
PELTON
OUTLET
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3.3 Increase of H2S concentration 
The next step of the process and maybe the most crucial is to find a method, financially and 
technologically sustainable, to increase the H2S concentration from 10ppm to 10,000ppm. 
This can be fulfilled by the application of Henry’s Law. 
Henry’s Law states that: 
“At a constant temperature, the amount of a given gas that dissolves in a given type and 
volume of liquid is directly proportional to the partial pressure of that gas in equilibrium 
with that liquid” [48]. 
Mathematically Henry’s Law can be expressed by the following formula: 
                                                                                                                   (39) 
 p = partial pressure of the solute (Pa)  
 c = concentration of the solute (mol/m3)  
 KΗ = Henry’s constant (Pa∙m
3
/mol)   
Therefore, according to the above equation it can be observed that the concentration of the 
solute is proportional to its pressure. Thus, it can be easily exported the conclusion that by 
increasing the temperature the solubility of the solute will be decreased while by decreasing 
the pressure the solubility will be decreased as well. A device called vapor liquid separator 
(Figure 11), also known as flash drum, is suitable to distinguish H2S gas from the water. 
Apparently, the separation cannot be perfect, thus the gas stream will be a vapor mixture of 
H2O-H2S. However, the assumption the assumption that all of the hydrogen sulfide will be in 
vapor phase has been made. 
The flash evaporation process takes place at constant enthalpy. The percentage of the mixture 
that will be vaporized can be calculated as follows:  
                                                                                                          (40)                             
 X = mass fraction of evaporation   
 Cp = liquid specific heat (J/kg·K)   
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 Tu = liquid temperature (K)    
 Td = liquid saturation temperature (K) 
 Hv = Enthalpy of liquid (J/kg) 
 
Figure 11 – Flash drum 
In this study, the aspen plus Separator (Figure 12) module was employed in order to properly 
model the flash drum. The optimum operation conditions in order to increase the 
concentration of H2S up to 10,000 ppm is temperature of 85 
0
C and pressure of 0.5 bar. At 
these conditions, we achieve the desirable H2S concentration. 
The power demand for this process is equal to 165 kW. The equation that is used to calculate 
this result is the following: 
                                                            ̇                                                        (41) 
Where 
 Q = power demand (kW) 
  ̇ = mass flow rate (kg/s) 
 Cp = specific heat capacity of water (kJ/kg K) 
 ΔT = temperature difference (K) 
42 
 
The feed stream of the device is the outlet stream of the turbine while the gas stream H2S- 
H2O heads to a heater (Figure 12) in order to increase its temperature. The heater has a power 
demand also of 107 kW. A more analytical discussion about the energy balance of the whole 
process will be performed later in this chapter, including the adopted way to cover the power 
demands of the project. 
 
Figure 12: Aspen plus V-DRUM module and heater 
 
The Following table presents the features of both the vapour – liquid separator as well as of 
the heater. 
Table 7 – Flash drum’s and heater’s characteristics 
Flash Drum 
Temperature (
0
C) 
In  
25  
Out 
85 
Pressure (bar) 
 In 
1 
Out 
0.5 
Required Power (kW) 
185 
 
Heater 
Temperature (
0
C) 
In  
85  
Out 
170 
Pressure (bar) 
 In 
0.5 
Out 
1 
Required Power (kW) 
107 
OUTLET
FLASHDRU
H2S-H2O
WATER
H2SH20
HEATER
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3.4 Decomposition of Hydrogen Sulfide 
As it has already been mentioned in this study, the electrochemical pathway has been selected 
for the decomposition of hydrogen sulfide to hydrogen and sulfur. In this study, a fuel cell 
with stable ceramic H
+
 conductors that operate at temperatures between 700-1000 K was 
used. Both types of cells consist of a dense solid electrolyte membrane and two porous 
electrodes. One of the electrodes (anode) is exposed to a H2 containing gas, in the present 
case the extracted concentrated H2S diluted in H2O (0.1-1% H2S). The cathode is exposed to 
air. Furthermore, the cell can operate as a co-generative fuel cell, improving the thermal 
management and the economics of the proposed process. In this case, the cell acts as a semi-
permeable membrane for hydrogen and the resulting free energy of the reaction is converted 
into electrical energy. 
The fuel cell in order to be simulated properly it was separated to three parts:  
 Anode, where the following reactions take place:   
 H2O → 2H
+
 + 0.5O2 + 2e-            (42)  
 H2S → 2H
+
 + 1/n Sn + 2e
- 
         (43) 
 S + O2 → SO2        (44)  
 SO2 + 0.5O2 → SO3        (45)  
 SO3 + H2O → H2SO4            (46) 
 Cathode, where the following reactions take place: 
 2H+ + 2e- → H2           (47) 
 H2 + 0.5 O2 → H2O + electrical energy     (48) 
 Membrane, which allows the H+ to pass through the cathode 
Each of these parts was simulated by using separated Aspen plus blocks, for anode and 
cathode Reactor Stoichiometric and for the membrane a common separator (Figure 13). Thus, 
the thermodynamic approach was used instead of the kinetic for the chemical reactions taking 
place in the two reactors. Reactor Stoichiometric module is the most proper for steady state 
processes and its operation conditions was temperature of 700 
0
C and pressure equals to 1 
bar. The component separator block is capable of separating components based on specified 
flow rates or split fractions. In this simulation the separator – membrane was used to separate 
H
+
 and electrons (feed stream of cathode) from the other components produced or remained 
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from the anode reactor. Moreover, a heater was employed so as to preheat the air that enters 
the cathode up to temperature of the cathode, and its energy demand equals to 17 kW.  
 
Figure 13: Aspen plus fuel cell 
 
The fractional conversion of the hydrogen sulphide decomposition reaction is 0.33 while for 
the water decomposition, is calculated based on the moles of sulphur that are produced from 
the first reaction. Then the moles of oxygen are calculated from the oxidation reaction of 
sulphur. Afterwards since the moles of oxygen are known we can calculate the fractional 
conversion of water’s decomposition. For instance: 
H2S → 2H
+
 + 1/n Sn + 2e
- 
                      1 mole             1 mole (of S) 
                      0.33 mole          0.33 mole (of S) 
S + O2 → SO2 
                  0.33 mole (of S) demand 0.33mole of oxygen 
H2O → 2H
+
 + 0.5O2 + 2e
- 
1 mole of H2O produces 0.5 mole of oxygen 
ANODE
MEMBRANE
SO2,H2O
H+
CATHODE
AIR
AIR1
H2O
HEAT
PRODUCTSH2SH20
HEATER1
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Thus x moles of H2O produce 0.33mole of oxygen 
So x = 0.67 mole 
Therefore the fractional conversion of the water’s decomposition reaction is 0.67 while for 
the oxidisation of sulphur and hydrogen are 1 and 0.85 respectively. The following table 
includes all the necessary data of the “Aspen plus” fuel cell. 
Table 8 – Fuel cell’s features 
Anode 
Temperature (
0
C) 700 
                                                 1 Pressure (bar) 
 
Reactions 
 H2O → 2H
+
 + 0.5O2 + 2e-    
 H2S → 2H
+
 + 1/n Sn + 2e
-
 
 S + O2 → SO2  
                                                               Mole flow (mol/s) 
                                                                        In Out 
H2O 9.5 3.13 
H2S 0.095 0.063 
H
+
 0 12.94 
S 0 0.03135 
SO2 0 0.03135 
Cathode 
Temperature (
0
C) 700 
Pressure (bar) 1 
 
Reactions 
 2H+ + 2e- → H2  
 H2 + 0.5 O2 → H2O + electrical energy 
              Mole flow (mol/s) 
 In Out 
H2 0 6.47 
H2O 0 5.5 
H
+
 12.94 0 
Air 15.405 14.92 
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Fuel cell conceptual design 
The disadvantage of Aspen plus simulator is that it does not contain an electrochemical 
reactor block, making impossible to estimate the electrical output of a fuel cell directly. 
However, it is capable of calculating the ΔH of any reaction. For this study, the reaction is the 
combustion of hydrogen. 
                                                                  H2 + 0.5 O2 → H2O                                     (49) 
 
The ΔH of the above reaction is equal to 285.5 kJ/mole, thus for a flow rate of 5.5 mol/s is 
equal to 1570.25 kW and taking into consideration the fractional conversion of hydrogen 
(0.85) ΔH=1335 kW. 
Furthermore the “ΔG” quantity or the electrical output can be calculated from the below 
equation [2]: 
                                                                                                             (50) 
 ΔH = change of enthalpy (of H2 + 0.5O2 → H2O reaction) kJ/mol 
 ΔS = change of entropy kJ/mol K 
The electrical efficiency of a fuel cell is defined as: 
                                                                   
  
  
                                                            (51) 
A common solid oxide fuel cell has an electrical efficiency of 45% [2], so from the above 
equation we can calculate the ΔG: 
                                                                                                       (52) 
The electricity output of a fuel cell can be estimated from the following equation: 
                                                                                                                     (53) 
 n= moles of electron (participating in the reaction) 
 F=faraday’s constant (96,485 C/mol) 
 E= cell potential (V) 
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Thus, we can estimate the fuel cell’s potential, therefore E = 120 V. Additionally from the 
equation we can calculate the T ΔS which is actually the heat released from the fuel cell. So,  
                                                                                                             (54) 
The overall efficiency of a fuel cell if the wasted heat is exploited is defined as: 
                                                              
      
  
                                                   (55) 
Hence, theoretically the efficiency of a fuel cell can be 100%. In reality though, it can 
overcome the value of approximately 85%. So assuming an overall efficiency equal to 0.8 
and taking into consideration the following equation: 
                                                                              (56) 
So, the actual amount of heat that we are able to exploit is:  
                                                                                         (57) 
However, the decomposition reactions of the anode demand an energy input of approximately 
160 kW. The energetic analysis of the project, though, will take place at the last topic of tis 
chapter. At the moment, we shall assume that all of the heat released from the cathode enters 
the evaporator. Subsequently, the design of the fuel system will be performed. As it has been 
already calculated the fuel system’s capacity is 600 kW and its potential 120 V. Now, from 
the following equation, we can find that the number of the cells, taking into account that a 
common SOFC has 0.6 V, is 200:  
                                                                                                              (58) 
 n = number of cells 
 Vsystem = overall potential of the system (V) 
 Vcell = potential of each cell (V) 
Therefore, we can propose the employment of 5 fuel stacks of 120kW connecting in series, 
each one of them containing 40 cells. With this way we produce 600 kW of power and we 
reach the potential of the system.   
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The electric current of the system can be calculated from the Ohm’s law: 
                                                                                                                  (59) 
Subsequently, system’s current is equal to 6000 Ampere. As a result, the current that passes 
through one fuel cell is 6000/200 = 30 Ampere. The current density of a 0.6 volt fuel cell is 
0.9 A/cm
2 
(Figure 14), so for a fuel of 30 ampere its area is approximately 34 cm
2
. 
Figure 14: Current density versus voltage and power voltage 
 
3.5 H2SO4 production and power generation from steam turbine 
One advantage of the proposed project is the production of H2SO4. The sulfuric acid is 
produced according to the following chemical reactions: 
                                                      SO2 + 0.5O2 →SO3                                                 (60) 
      SO3 + H2O →H2SO4                                               (61) 
In this study, the employment of another RStoichoiometric was made in order to model the 
reaction (60). In chemical industries SO3 is afterwards absorbed by a high concentrated liquid 
mixture of H2SO4 (98% H2SO4, 2% water) and reacts with the water of this mixture giving as 
product H2SO4 of 99.9 concentration. The direct reaction of SO3 with pure water is avoided. 
This highly exothermic reaction generates H2SO4 that is difficult to condense and could 
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escape to pollute air. Since the aspen plus absorber module cannot perform reactions the use 
of another one RStoichoiometric was made. Both of these processes are exothermic, hence, 
no power input is required. A heater is also used to increase the temperature of the air that 
enters the RSO3 block up to 150 
0
C. The power demand of the heater is 10 kW. A separator 
has been also employed to remove the remaining nitrogen and water. Figure 15 illustrates the 
flow diagram of these processes. 
 
Figure 15: Production of H2SO4 
 
The reaction (61) takes place at 500 
0
C while the absorber functions at 250 
0
C. For both 
reactions the fractional conversion of the reactants is assumed to be 1. The amount of air that 
enters the RSO3 was stoichiometrically calculated from equation (60). The SEPSO3 block is 
used to distinguish the amount of the remaining water (from anode) from SO3. Table 9 
illustrates this data.  
Table 9 – RSO3 and Absorber’s characteristics 
RSO3 
Temperature (
0
C) 700 
Pressure (bar) 1 
Reactions 
 
SO2 + 0.5O2 →SO3 
 
SO2,H2O
AIR4
HEATER2
AIR3
SEPSO3
SO3
RSO3
21
H2SO498
ABSORBER
H2SO4100
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Mole Flow (mol/s) 
In Out 
SO2 0.03135 0 
SO3 0 0.03135 
O2 0.01567 0 
Absorber 
Temperature (
0
C) 250 
Pressure (bar) 1 
Reactions 
 
SO3 + H2O →H2SO4 
 
 
Mole Flow (mol/s) 
In Out 
SO3 0.03135 0 
H2SO4/H2O (98%) 0.675 0 
H2SO4/H2O (99.9%) 0 0.675 
Heater 
Temperature (
0
C) 150 
Pressure (bar) 1 
 
The amount of heat that is released from the cathode can be utilized in order to produce steam 
and eventually electricity via a steam turbine. So, in this model, a pump was used to increase 
the pressure of water that is derived from the flash drum, then the pressurized water is 
evaporated in a heat exchanger by utilizing the heat from the cathode and finally, the 
superheated steam enters a steam turbine to produce electricity. The superheated steam has 
the temperature of 500 
0
C and pressure of 85 bar, while the mass flow rate of the pumped 
water was set equal to 0.18 kg/s. The heat exchanger was simulated by a common heater 
which has as feed a heat stream instead of a material one while for the steam turbine, a 
compressor block was used. This process (Figure 16) (pump – evaporator- turbine) is similar 
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to a Rankine cycle with the exception of a condenser, which in this case is useless since we 
already have a constant water (liquid) flow.  
 
Figure 16: Electricity and steam generation 
 
The work generated by the steam turbine is calculated by the following equation [49]: 
                                                         ̇     (kW)                                                    (62) 
 m=steam mass flow rate (kg/s) and 
 Δh= h2 – h1= specific enthalpy drop of the steam 
The values of the specific enthalpies can be easily found from the respective steam tables. 
The evaporator is actually a heat exchanger that transfers the cathode’s released heat to water 
in order to produce steam. The heat recovery unit could be considered to be a simple shell 
and tube heat exchanger, with hot stream flowing through the tubes surrounded by water in 
the shell side for efficient heat transfer. 
The efficiency of this process is equal to: 
                                                                      
    
   
                                                     (63) 
     |        |  |     | 
Qin = Heat transferred (kW) 
COOLER
3
HEAT1
Q
STEAM2
STURBINE
STEAM
EVAPORAT
HEAT
HEAT2
Q
PRESSWAT
PUMP
WATER2
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The amount of heat that enters the evaporator is actually the net exploitable heat released 
from the cathode, as calculated before, and it is equal to 257 kW. The power that is generated 
by the steam turbine is equal to 105 kW and the pump consumes 4.8 kW. Therefore: 
 Wnet = 100.2 kW 
 η = 38.9% 
The steam exiting the steam turbine is of high enthalpy (T=500 
0
C, p=1bar) and it can be 
used to cover some of the power needs of the process. As it can be noticed a cooler block has 
been employed just to calculate the amount of the power that can be exploited from the steam 
if its temperature decreased to 25 
0
C. This amount of power is equal to 142 kW. The 
following data presents all this data. 
 
Table 10 - Rankine cycle data 
 Pressure (bar) Temperature (
0
C) Power (kW) 
 IN OUT IN OUT  
Pump 1 85 25 25 -4.8 
Steam Turbine 85 1 500 500 +105 
Cooler 1 1 500 25 +142 
Evaporator 85 85 25 500 -257 
*(+) generates power, (-) consumes power 
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Figure 17: Process flow diagram
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3.6 Energetic assessment of the procedure. 
In the proposed H2 production process, various devices and equipment have been employed, 
some of them have positive energy balance, meaning that they generated energy while, on the 
other hand, some of them need energy inputs in order to function. Four heaters have been 
used, three of them consume energy while the fourth one (evaporator) utilizes the thermal 
energy produced by the fuel cell. Two of the heater’s were used to preheat the air that enters 
cathode and RSO3 reactors while the last to preheat the 10,000ppm mixture of H2S/H2O. 
Other units that consume energy are the vapor liquid separator (flash drum), the pump of the 
Rankine cycle and the Pelton turbine that extracts the water from the Black Sea. On the other 
hand, both the cooler and the steam turbine have positive net power. Additionally, both of the 
reactors (RSO3 and absorber) that have been utilized for the production of SO3 and H2SO4 
have positive energy balance. Furthermore, we can assume an overall energy loss during the 
whole process, including pipelines of approximately 20%.  Table 11 illustrates this energy 
data in more details. 
Table 11 – Power and Heat data 
Equipment Power (kW) Heat (kW) 
Heater - -107 
Heater1 - -17 
Heater2 - -10 
Flash drum - -185 
Pump -4.8 - 
Pelton turbine -320 - 
Steam turbine +105 - 
Anode - -160 
Cathode +600 +257 
Evaporator - -257 
Cooler - +142 
RSO3 - +280 
Absorber - +87 
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Summary +380.2 +30 kW 
Losses 20% 
Net output +304.16 +24 
*(+) generates power, (-) consumes power 
* equipment names are the same as in the figures. 
 
 
Previously, the assumption that the whole amount of the released heat from the cathode 
enters the evaporator has been made. This was made in order to enable us to produce more 
electricity via the steam turbine more directly. Besides the energy demand of the anode can 
be covered from the RSO3. However, this does not occur in reality, it makes the calculations 
Aspen plus simulator easier, and the result is approximately the same. 
The whole processes seem to be energetic autonomous, making the project more sustainable 
and profitable. The net power output can be sold directly to the grid taking advantage as well 
the feed in tariffs that are applied for power generation from renewable-energy sources. The 
surplus of heat energy is too small to be exploited.  
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4. Economic Analysis 
In this chapter, the economic sustainability of the proposed project will be performed. The 
estimation of both fixed and variable costs will be performed according to Peter’s and 
Timmerhaus [52] methodology, while the Wala’s [53] cost equations will be adopted for 
costing the chemical and mechanical equipment that have been employed for the current 
process. Afterwards, the annual cash flows of the investment will be calculated, and the 
evaluation of the project will be conducted by estimating various economic criteria and 
indicators, including net present value, internal interest rate and payback period. Finally, a 
sensitivity analysis will be held considering as variable the net power output. For the base 
case, the project’s lifetime set to be twenty years and the net-work 304kW (Table 11). The 
cost equations are generally expressed as: 
                                                                          
 
                   (64) 
where C is the equipment or auxiliary service cost and x, y constant coefficients adapting 
from literature which have been derived from correlating experimental and literature data. 
Table 12 presents both the cost of each equipment respectively to Wala’s cost equations 
(apart from fuel cost [51]) as well as the total equipment cost.  
Table 12– Total equipment Cost 
Equipment Cost equation Price (€) 
Evaporator 34200*Wnet^0.55 17,637 
Fuel Cell 1000/kWe 600,000 
Pelton 35000*Wnet^0.61 16,792 
Steam Turbine 633000*Wnet^0.398 392,010 
Pump 28000* Wnet ^0.55 14,440 
Heater (x3) 51500*Wnet^0.51*3 83,610 
Reactor 35000* Wnet ^0.31 24,097 
Absorber 126000* Wnet ^0.59 61,925 
Flash drum 138000* Wnet ^0.61 66,209 
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Total Equipment Cost (TEC) 
 
1,276,725 
*Wnet = net power output 
*kWe , fuel cell’s electrical output 
 
The direct costs of the project also include the pipeline system, the fire-protection system, the 
electrical utilities, the civil work, the instrumentation and control devices as well as the 
installation cost. The cost equations of these elements depend on either the net power output 
or the total equipment cost (TEC) as depicted in Table 13. 
Table 13 – Total Capital Investment 
Equipment Cost equation Price (€) 
Piping 
Fire fighting systems 6600*Wnet^0.75 2,675 
Incudtrial water tank 9300* Wnet ^0.75 3,769 
Tanks 10200* Wnet ^0.51 5,519 
Control valves 10100* Wnet ^0.67 4,508 
Pipes 42300* Wnet ^0.88 14,662 
Pipe rack 12100* Wnet ^0.68 5,336 
Civil Work 
Buildings 70100*Wnet^0.44 412,720 
Conditioning and 
ventilation system 
23400*Wnet^0.63 10,959 
Civil works 133740*Wnet^0.37 85,6635 
Electrical 
Switces 13300* Wnet ^0.36 8,622 
Electrical protection 44700* Wnet ^0.23 33,887 
Transformer 64600* Wnet ^0.43 38,494 
Electrical Equipment 409100* Wnet ^0.64 189,315 
 Direct installation costs 
 
 0.3*TEC 383,000 
Instrumentation and controls 
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After the calculation of the total capital investment the estimation of the annual operating 
expenses will take place. The methodology as mentioned before was adopted by Max S. 
Peters and Klaus D. Timmerhaus and Table 14 depicts this data. 
Table 14 – Total Operating Expenses 
 Equation Price (€) 
Direct Expenses 0.1*TEC 127,672 
  Labor 
 Utilities 
 Mainentance 
Indirect Expenses 0.05*TEC 63,836 
Additional expenses 0.017*TEC 21,278 
Total Operating Expenses (TOE) 212,787 
 
Subsequently, the calculation of project’s revenues will be conducted. The incomes of the 
project (Table 15) are derived from the sale of electricity produced by fuel cell and the steam 
turbine as well as H2SO4 which have many applications in chemical industry. The H2SO4 
yield and price is actually the difference between the flow rates and prices of H2SO4 99.5% 
and 98%. The retail prices for both electricity and H2SO4 have been adopted by icis pricing 
                                                  0.1*TEC                                       127,672 
Engineering 
                                                   0.12*TEC                                      153,207 
Start up 
                                                  0.1*TEC                                              127,672 
                                                                 Total                                                         1,236,256 
                                                              plus  TEC                                          1,276,725 
 
TOTAL CAPITAL INVESTEMENT (TCI)                                               2,512,981 
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[54]. The operational annual time is 8760 hours while for the price of electricity sold the feed 
in tariffs for RES electricity was also reckoned in. 
Table 15– Project’s Revenues 
 Output Price Annual revenues 
(€/yr) 
Electicity (kWh) 2,628,000 0.4 (c/kwh) 1,051,200 
H2SO4  (kg/h) 33.8 50(€/ton) 74,028 
Total  1,125,200 
 
The most crucial part of this project is the estimation of cash flows as well as the calculation 
of NPV, IRR and payback period. The cash flow is the net income of the project and derived 
after subtracting the tax rate and operating expenses from the annual revenues. Furthermore, 
it has to be mentioned that the lifetime of a common solid oxide fuel cell is five years [51], so 
it has to be replaced three times during the lifetime of the project at years 6, 11 and 16. In 
order to make easier the calculation of the economic indicators (NPV,IRR and payback 
period) we can add the expenses of buying three new fuel cells to the initial investment 
(TCI), taking into consideration of course the time value of the money. Additionally, 
however, the estimations of many scientists [51] that fuel cell’s price will be decreased 
dramatically throughout the next few years, for this study this was not taken into account 
making this way the evaluation of the project tougher. The depreciation method that has been 
employed for this case is the straight line one and the tax rate equal to 40%. Table 16 
illustrates the cash flows estimation. 
Table 16 – Project’s Cash flows 
Years                                                         0                                                    1-20 
TCI (€)                                               2,512,981 
Revenues(€)                                   1,125,200 
Operating Expenses(€)                                      212,787 
Depreciation(€)                                      125,649 
Operating Income(€)                                      786,763 
After tax operating income(€)                                     472,058 
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plus Depreciation(€)                                      125,649 
Cash flow(€)  -3,254,383                                     597,707 
The next step is to calculate the proper economic indicators. NPV was calculated by using the 
following equation [55]: 
                                   
         
 
                               (65)
  
 CF=annual cash flow 
 r = cost of capital 
 n=year 
The cost of capital was set equal to 9.5% while the above formula was employed due to the 
fact that all annual cash flows are equal. 
The internal rate of interest can be calculated from the NPV formula by setting NPV equal to 
zero. The objective is to overcome the cost of capital’s value. 
The payback period of a project refers to the time period that nominal cash flows need to 
cover the initial investment [53] and is calculated accordingly to the following equation: 
                                                                          (66) 
Thus for the proposed project: 
 NPV = 1,969,293€  
 IRR = 23% 
 Payback period = 5.5 years  
Therefore, since NPV value is above zero and IRR is greater than the cost of capital the 
project can be assumed to be acceptable and profitable. 
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5. Sensitivity Analysis 
In this chapter, sensitivity analysis will be held considering as design variables the values of 
NPV, IRR and payback period, while as manipulated the fuel cell’s electrical output. 
Afterwards by employing MATLAB software the correlation between these variables will be 
examined. 
Electricity is the main process product that contributes to revenues and accordingly to the 
previous chapter all kinds of costs are directly or not connected to net electrical output. 
Furthermore, fuel cell seems to be the most expensive equipment, and it has to be replaced 
every five years (Figure 18), having this way the greatest impact on total capital investment. 
 
 
Figure 18: Distribution of equipment cost 
 
The manipulated variable will take four different values 600 kW (base case), 1200 kW, 1800 
kW and 2400 kW so as to evaluate the behavior of design variables with upscaling the 
process. At this point, it should be mentioned that it was assumed fuel cell electrical output is 
correlated linearly with net electrical output as follows: 
Fuell cell electrical capacity (kW)        Wnet (kW)   
600   →  304 
Evaporator 
1% 
Fue Cell 
47% 
Pelton 
1% 
Steam Turbine 
31% 
Pump 
1% 
Heater 
7% 
Reactor 
2% 
Absorber 
5% 
Flash drum 
5% 
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1200   →  608 
1800   →  912 
2400   →  1206  
The net electrical output of the process is calculated from equation  (66): 
             |          |  |              |  |       |  |     |  (66) 
Therefore, by increasing Wfuelcell the power generated by the steam turbine will also be 
increased (more heat as input to Rankine cycle) and subsequently the power consumed by the 
pump (higher water flow). In order to achieve higher electrical output it is necessary to pump 
more sea water, having as a result to increase the power demand of pelton turbine. On the 
other hand, it was also assumed that the fuel-cell cost per kWh will not be changed with time 
passing even if many studies have proposed and predicted that the cost of a fuel cell will be 
reduced dramatically within the upcoming years [51]. 
Afterwards, for the above values of Wnet the respective values of NPV, IRR and payback 
period have been estimated by employing MS Excel software. The relative data is illustrated 
in Table 17: 
Table 17 – Performace of economic indicators against Wnet 
 Wnet (kW) 
304 608 912 1206 
NPV (€) 1,969,293 6,388,568 10,913,161 15,241,790 
IRR (%) 23 39 51 61 
PP (years) 5.5 3.75 3.13 2.83 
*PP= payback period 
 
Irrespectively of the assumptions the scaling up of the project seems to have a positive impact 
on project’s economic feasibility. Subsequently, MATLAB software is used in order to 
investigate the correlation of these indicators and fuel cell electrical output this time. 
MATLAB is a very common software package used for various scientific purposes and 
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applications such as numerical analysis, algorithm development and simulations. In this case, 
the ordinary least square method was used to examine this correlation (Figures 19-21). 
 
Figure 19: NPV versus kWe of fuel cell 
The equation that correlates NPV and the electrical output of the fuel cell is: 
     (                       )    
         (67) 
 
Figure 20: IRR versus kWe of fuel cell 
The equation that correlates NPV and the electrical output of the fuel cell is: 
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          (                  )                        (68) 
 
Figure 21: Payback Period versus kWe of fuel cell 
 
The equation that correlates NPV and the electrical output of the fuel cell is: 
                                                       (69) 
From equations 67-69 it is extracted that the employment of higher capacities fuel cells 
favors the financial sustainability of the project. 
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6. Conclusions 
The aim of this study was to perform a feasibility assessment of hydrogen production from 
Black Sea hydrogen sulfide. The proposed project will give a significant boost to the 
economic growth of the surrounded regional areas. Apart from this, the exploitation of 
hydrogen sulfide is considered indispensable for environmental reasons due to hydrogen’s 
sulfide high toxicity. 
ASPEN plus simulator was used to perform the energy and the mass balances of the proposed 
process. The whole process consists of: 
 Pelton turbine (for pumping sea water). 
 Flash drum (to increase H2S concentration from 10 ppm to 10,000 ppm). 
 Fuel cell (to produce H2 and consequently, both power and heat). 
 Rankine cycle (to exploit heat derived from fuel cell and generate both heat and 
power). 
 Absorber (to produce H2SO4). 
Afterwards, the economic analysis of the base case scenario (Wnet=0302 kW and project’s 
lifetime = 20 years) was conducted by using MS Excel. The cost equations were adopted 
from the literature and the methodoly of Peters and Timmerhaus was followed. The results of 
this analysis (NPV = 1,969,293€, IRR = 23%, Payback period = 5.5 years) are encouraging 
for project’s sustainability. 
In chapter 5, a preliminary sensitivity analysis was held considering as design variables the 
economic indicators and as manipulated the electrical output of the fuel cell. Afterwards, 
MATLAB [56] software was used to examine the correlation between these variables with 
the ordinary least square method. In general, this method does not necessary imply causality 
but in this case, it is obvious that our manipulated variable affects significantly the economic 
performance of the project. Furthermore, apart from the assumptions made the scaling up of 
the process seems to strengthen project’s financial performance. 
As future work the adoption of the kinetic approach rather than the thermodynamic one 
(which used in this study) will probably give more accurate results. Moreover, the techno 
economic investigation of all the alternative pathways for producing hydrogen from hydrogen 
sulfide would give a more spherical view of the whole process.   
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Overall, the study proposes a rather well-known and mature technology making its 
application an easy mark to achieve. Furthermore the economic indicators of not only the 
base case scenario but of the alternative ones suggest that the project is profitable.     
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Appendices 
 
Appendix A: ASPEN PLUS 
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77 
 
Appendix B: MATLAB (least square method) 
 
clear all 
format long; 
x=input('give x:'); %fuel cell 
y=input('give y:'); %economic indicators 
n=length(x); 
a=(n*sum(x.*y)-sum(x)*sum(y))./(n*sum(x.^2)-sum(x)^2); 
b=(sum(y).*sum(x.^2)-sum(x).*sum(x.*y))./(n*sum(x.^2)-sum(x)^2); 
d=y-a.*x-b; 
db=sqrt(sum(x.^2)*sum(d.^2)./((n-2)*(n*sum(x.^2)-sum(x)^2))); 
da=db*sqrt(n/sum(x.^2)); 
display('y=ax+b') 
display(['a= ',num2str(a)]) 
display(['b= ',num2str(b)]) 
display(['da= ',num2str(da)]); 
display(['db= ',num2str(db)]); 
xl=x; 
yl=a.*xl+b 
plot(x,y,'r*',xl,yl,'b-') 
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Appendix C: Cost of capital by sector [55] 
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